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Summary 

This report covers the first twelve months of work performed under the NASA 
University Grant awarded to Iowa State University to perform research on two topics 
relating to the development of closed-loop long-term life support systems. 


1, Water Management in Long-Term Closed-Loop Life S upport Systems 


Overview 

A comprehensive study to develop software to simulate the dynamic operation ot 
water reclamation systems in long-term closed-loop life support systems is being carried 
out as part of an overall program for the design of systems tor a moon station or a Mars 
voyaue. This project is beinu done in parallel with a similar effort in the Department ot 
Chemistry to develop durable accurate low-cost sensors for monitoring of trace chemical 
and biological species in recycled water supplies. Aspen-Plus software is being used on a 
group of high-performance work stations to develop the steady state descriptions for a 
number of existing technologies. Following completion, a dynamic simulation package 
will be developed for determining the response ot such systems to changes in the metabolic 
needs of the crew and to upsets in system hardware performance. 

Personnel : Director: R. C. Seagrave. Distinguished Professor of Chemical Engineering 

Post Doctoral Research Fellow: Michael K. Dowd (through October 31. 1991 ) 
Graduate Research Assistant: Dasaratha Sridhar (began October 1. 1991 ) 
Graduate Research Assistant: Sharmista Chatterjee (entire period) 
Undergraduate NASA Fellow: Carolyn Pals (through December 15. 1991 ) 
Undergraduate Research Assistants: Amy Weber. Chris Olson 


Research Summary 

During the first twelve months the following developments have occurred and 
tasks have been accomplished: 

1. Two DEC 2100 workstations and a DEC 3100 color workstation have been 
configured and supplied with Aspen Plus software. These stations are dedicated to the 
project. 

2. A technical exchange agreement has been executed with Aspen Technology, 
under which the group at Iowa State and Aspen Plus engineers in Cambridge will exchange 
visits to assist in the software development for the dynamic modeling programs. 


3. Access to the interactive life support system data base at the Ames Research 
Center has been completed, and it has been made available on all three work-stations. 

4. Aspen sub-programs are being developed tortile steady-state operation 
simulation for a closed-loop life support system. The work has been developed as follows: 

Water treatment systems: Sharmista Chatterjee (a second year graduate 
student working on a Ph. D. program) 

1 . Urine purification 

2. Wash water processing 

3. Gray water processing 

4. Electroincineration of wastes 

5. Sol id Waste water removal 

Air regeneration systems, oxygen generation systems: Carolyn Pals 
(a last semester senior in chemical engineering and the recipient of a NASA 
Space Grant consortium summer fellowship and senior scholarship, and 
Dasaratha Sridhar. (a first-year graduate student in chemical engineering). 

1. CO 2 removal 

2. CO 2 reduction 

3. Oxygen generation 

4. Air conditioning 

5. Trace contaminant removal 

Crew model: Chris Olson (a senior in Aerospace Engineering) 

1. Inputs: Height. Weight. Age. Gender. Fitness level. Activity 

2. Outputs: Oxygen consumption. CO 2 production, water 
evaporation, heat production, food consumption, water 
consumption 

Plant Model: Amy Weber (a senior in Chemical Engineering) 

1. Inputs: Energy. CO 2 . waste products 

2. Outputs: Oxygen, water, biomass production 

As a basis for beginning, technology designed tor Space Station Freedom is 
being used as the baseline system. Each person is simultaneously investigating alternate 
technology simulation, and a dynamic model has been developed for the crew. This will be 
used as a""forcing function” to generate a series of steady-state solutions for the integrated 
system running under Aspen Plus in a series of interrelated steady states. This baseline set 
of calculations will serve as the foundation for the dynamic system development. 

5. Integration of the individually developed Aspen blocks and Fortran-based 
models has begun. Dynamic models for the crew members are being developed by 
modifying an earlier-developed model for predicting the recommended duration of exercise 
as a function of environmental conditions. 

6. The 24 member senior level design class in the chemical engineering department 
used the long-term closed-loop problem as a senior design class problem, working under 
the direction of Professors Dean Ulrichson and R. C. Seagrave. This activity has assisted 



the group in working through alternate set of scenarios. The design class used a group of 
15 DECstation 3100 color workstations for their investigations. 

7. In a parallel effort, Seagrave and Chatterjee are performing a thermodynamic 
analysis (availability analysis) of the closed-loop system in order to identify quantities such 
as the maximum efficiency, the minimum energy cost, the optimal operating conditions, 
and the minimum entropy production associated with a life-supported mission. These 
quantities, expressed as ftinctions of the crew needs and operating parameters such as 
temperature and pressure, will serve as guideposts in the simulations. Also, this approach 
should suggest some new criteria for evaluating the relative merits of alternate technologies 
for the various functions of the system. 

8. A dynamic modelling software package (EXTEND. Imagine That. Inc.. San 
Jose, CA) has been obtained and implemented on our machines. It is being used to test 
preliminary transient models before they are moved to the UNIX-based workstations to 
make them compatible with the ASPEN-PLUS models. Along with the conversion of the 
VAX-based dynamic crew model, this now makes a total of three platforms and operating 
systems that we are integrating, with the goal of reducing this to one flexible system. 

9. On October 29, R. C. Seagrave presented a discussion at the Allied-Signal 
Research Laboratories in Des Plaines. Illinois, on 'Chemical Engineering Problems in 
Closed-Loop Life Support Systems", and discussed possible collaboration with personnel 
from the Allied Signal Aerospace Corporation in Torrance. CA. 

10. On November 19. R. C. Seagrave visited the group of Dr. P. K. Seshan at the 
Jet Propulsion Laboratory in Pasadena. CA to discuss aspects of the simulations and future 
collaboration. One result of this is a modification of the dynamic crew model to include 
environmental effects on the rate of urine production, which Chris Olson is now 
implementing. 

11. On May 5,6. 1992, Dr. John Finn from NASA Ames Research Center 
conducted a site visit of the project. 

12. On May 12, 1992, Seagrave presented a paper, co-authored with Chatterjee. at 
the NASA 1992 Life Support Systems Analysis Workshop at the Johnson Space Center 
entitled "Availability Analysis as a Design Tool for Closed-Loop Life Support Systems". 
(Copy of transparencies included with this report) 



AVAILABILITY ANALYSIS AS A 
DESIGN TOOL FOR CLOSED-LOOP 
LIFE SUPPORT SYSTEMS 


Sharmista Chatterjee and R. C. Seagrave 
Department of Chemical Engineering 
Iowa State University 
Ames, Iowa 5001 1 


Availability analysis, or exergy analysis, utilizes the first and second 
laws of thermodynamics to characterize the thermodynamic efficiency of 
energy conversion systems, or other systems in which entropy is generated 
in a quantifiable way. Long-term closed-loop life support systems are ideal 
candidates for such an approach, since the ultimate goal of the designer 
must be not only to conserve mass and energy, but also to limit the 
production of entropy to a level compatible with organized life. Living 
systems require a source of negative entropy, in addition to material and 
energy requirements. Availability analysis is useful in putting this need in 
perspective, as well as in evaluating competing technologies for water and 
air treatment, waste processing, food production, and air conditioning. 

The closed nature of life support systems allows thermodynamic analysis to 
proceed more effectively than in many other engineering applications, 
although the application to such systems is fairly recent. 


Presented at the 1992 Life Support Systems Analysis Workshop 
Sponsored by the NASA Office of Aeronautics and Space Technology 
May 12-14, 1992, Houston, Texas. 
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ENERGY BALANCES 


• negligible mechanical energy effects 


Open Systems 
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U = internal energy, for which we can also 

write an "internal relationship" for systems 
with insignificant volume changes 
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where this term 
needs averaged 
values for the 
system 


and this term represents 
energy changes resulting 
from composition changes 


Closed Systems 
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In living systems at a stationary state, between feedings, 
the second and third terms, both negative, are the dominating 
terms, with the second term representing metabolic energy 
conversion, and the third representing the necessary exothermic 
heat transfer required. 



ENTROPY BALANCES 


Open Systems 


dS = 
dt 



M N 

+ II S.j M, Wij 

j ' 


+ 


diS 

dt 


where Qp and Tp represent the heal flows between the 
system and the surroundings and the temperatures at 
which they take place, respectively; 


and the last term represents the rate of internal entropy 
production due to all internal non-ec|uilibrium transport 
processes, such as heat and mass transfer, fluid flow, 
and chemical reactions occuring spontaneously; 


djS _ y Js(-XO q 
dt s T 

where the J's and X’s represent the flows (fluxes) and 
driving forces (gradients) respectively. 


Closed Systems 


dS _ y Qp + djS 
dt 7 T p dt 

since the last term is always positive, closed systems 
must rely on the negativity of the heat flow/temperature 
term to remain at a stationary state. This means they 
must either operate exothermically. (most living systems) 
or, if they exist with balanced heat flows in and out. they 
must take in heat at a higher temperature than they lose 
it. (the earth) 

Living systems have other alternatives... 



CLOSED-LOOP LIFE SUPPORT SYSTEMS 


The previous considerations now allow us to characterize life support 
systems from a thermodynamic point of view. Their main functions are: 

1. Regulate the mj s (e.g. oxygen, carbon dioxide, water) 

2. Regulate Temperature (one form of U) 

3. Provide a source of "negative entropy", and a source of 
positive free energy. 

The implication of (3) is that the LSS must operate in such a fashion 
so as to mimimize its own entropy production, and to produce low entropy 
high free energy products from high entropy low free energy wastes. 


Availability analysis, or exergy analysis, gives us a method for 
design the LSS and for evaluating its components so that this goal can be 
achieved, that is 


AVAILABILITY ANALYSIS WILL ALLOW US TO 
CHARACTERIZE THE LSS AS A NET EXPORTER OF 
G INTERNALLY AND AS A NET EXPORTER OF S 
EXTERNALLY. 



EXAMPLE OF AVAILABILITY ANALYSIS 

(From Bejan, Advanced Engineering Thermodynamics. Wiley, 1988) 
Internal Flow and Heat Transfer 


Consider the situation in a heat exchanger where we would like 
to keep the entropy production to a minimum. There are two 
force-flux entropy producing processes occuring— heat conduction 
and fluid friction. We would like to determine the appropriate value 
of the Reynolds number to minimize entropy production. 

AP 


m A 

9 AT 

For a length of pipe dx. the energy balance is 

m dH = M dx where dH = TdS + VdP 
The entropy balance is 

d ' S = m dS . 4 >(, 

dt dx T + AT 

From the definition of internal entropy production 

d;S = qAT + m /.<jp| 

dt T 2 (1+AT/T) pT dx 

two flow-force pairs 

When we use the appropriate relationships for the friction factor and 
heat transfer coefficients, this becomes 

djS = q 2 + 32nv f 

dt 7iT 2 kNu 7tp 2 TD 5 



which when solved for the Reynolds number which minimizes this 
gives 
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and also results in the two terms in the entropy production relation 
having the ratio of 6.33. 

Now, the ratio of the entropy generated at any given Reynolds 
number to that at the optimum can be simply derived to produce 
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which has the following interesting shape: 







MASS EXCHANGERS 


For components which exchange mass (e.g. separators, reactors, 
absorbers) the entropy production term can be written in general as: 


f = - i X ji Vn, + % - \q.VT - 1 ISijiVT 

dt T | T T“ T i 

where the first term on the left accounts for mass fluxes driven by 
chemical potential differences, the second, viscous dissipation from 
fluid friction, the third, heat fluxes resulting from temperature 
gradients, and the fourth coupling between heat and mass transfer. 

APPROACH 


The approach is now two-fold: 

1. Examine a proposed CELSS by quantifying its overall efficiency 
as an entropy producer and as a supplier of free energy. This notion 
can allow comparison of different configurations, and provides 
another design criteria useful in a larger sense. Also, it can help to 
determine the nature of an "ideal" CELSS, which, like any closed 
system, is subject to thermodynamic limitations. 

2. Perform availability analysis on existing technologies proposed 
for inclusion in manned space flights, such as VCD, TIMES, 4BMS, 
and so on, to gain new insight on their overall contribution to the life 
support mission. 



NASA Sensor Program Progress Report 
M. Porter 


• V™ P rogra P ^.uses pn designmg and testing novel sensor technologies for 
?J^r l C L i? lon 8' te ™ closed-loop life support systems. Such applications present a unique 
set of challenges with respect to size, durability, reliability, and, in particular, detection 
sensitivity. To meet these needs, approaches to manipulate the molecular 
^chit^ture of various transducer surfaces (e.g. bulk and surface acoustic wave resonators 

are ^ emg developed. Efforts to devise enabling strategies for 
implementation of the noted transducer technologies are also underway. 


Personnel. Dr. Marc D.Porter 

Dr. Glenn J. Bastiaans 

Dr. Stanley G. Bums 
Dr. Duane E. Weisshaar 
Dr. Mary M. Walczak 

Mr. Ronald P. O’Toole 


Assistant Professor of Chemistry and 
MicroAnalytical Instrumentation Center 
Acting Director, MicroAnalytical 
Instrumentation Center 
Professor of Electrical Engineering 
Visiting Scientist 

Institute for Physical Research and Technology 
Post-Doctoral Fellow 
Graduate Research Associate 


Research Summary Efforts in the past six months have focused primarily on three 
general areas: (I) the evaluation of the performance characteristics of a new type of 
piezoelectric mass sensor; (II) the initiation of an exploration of coating chemistries for the 

fortS. t s ^^ , a° t L^Sr d (III) the development and testin 8 of a protocol 

(!)- Performance Characteristics of a High Sensitivity Mass Sensor. This 
portion of our effort focused on the testing of a new form a piezoelectric mass sensor. The 
sensor has a high mass sensitivity (minimal detectable mass of -2 ng/cm*), is small in size, 
and can potentially be mass produced at low cost. The sensor is a thin film bulk acoustic 
wave resonator, which consists of an oriented aluminum nitride membrane situated 
between two metal electrodes. The sensor is fabricated by sputtering aluminum in a low 
pressure N 2 atmosphere onto a silicon substrate. This process forms a thin film of 
piezoelectric aluminum nitnde. After etchmg the silicon from beneath the aluminum nitride 
l g(* T ’ 8 ? ld el £9 tro des were patterned on both sides of the resulting membrane to complete 
“ 10n - 71118 procedure produces a thin (5.5 pm) film resonator (TFR) that is shaped as 
a 400 pm square and supports a standmg bulk acoustic wave (logitudinal mode) at 
frequencies of -1 GHz. Such small sizes open the possibility of integrating as many as 200 
TFRs each conceivably configured for the detection a specific analyte, onto a single 76 mm 
mameter silicon wafer. In addition, the high resonance frequencies translate to detection 
sensitivities that nval those of the most sensitive mass sensors currently available, but in a 
much smaller device package. A schematic drawing of a TFR is shown in Figure 1. Table I 
, t}i e results of the sensitivity tests, comparable data for other types of mass sensors, 
and a brief description of the experimental protocol of these tests. 

Since completion of these tests, we have cut, mounted, and wire bonded our TFRs 
onto standard intergrated circuit carriers. These carriers (volume: < 10 mL) have been 
modified to accept analyte gases, with the completed package facilitating performance 
testing (e.g. specificity of mteractions between a coating and gas phase analyte) as well as 



interchange of samples. A fixtured TFR in a carrier is shown in Figures 2 and 3 A gas 
blending and flow system is nearing completion, along with software for automated 
instrument control of both the flow system and vector voltmeter. 


(II). Preliminary Testing of Possible Coating Chemistries. An example of 
recent results from this phase of the program are given in both Figure 4 and Table II These 
^P^^ts^loyed TFRs that were coated with a monolayer of a fluorinated 
<£ 5 (< T 2 M CH2 k S) , and a carboxylic acid-tennmated (HOOC(CH,) 15 )S thiolate adsorbed 
at the topside gold electrodes on a T FR. These experiments were designed to demonstrate 
the mass detection capability of the TFRs, to assess the utility of the adsorption of thiol 
compounds for selective coating preparation, and to begin to collect a set of fundamental 
data to aid the predictive design of coating with specific sorption characteristics. The 
fluomated monolayer has an extremely low critical surface tension (5-10 mN/m), and, as 
such, should display little affinity for adsorption of a test gas such as methanol. Conversely, 
a carboxylic aad-tenninated monolayer presents a more reactive functional group at the 
air-monolayer interface. The latter films are wetted by methanol, a consequence of both 
the polanty and hydrogen-bonding interactions of the end group. The results of these tests 
(Figure 4 and Table II) are consistent with the predicted behavior. That is, the relative 
change in the resonance frequency (AF^FT of the TFR coated with the carboxylic acid- 
m ,u nolayer ® much larger than that of the CF 3 -tenninated monolayer. 
SH; the responses return to their initial values upon purging methanol from the 
test chamber. This indicates the sorption of methanol at both surfaces is reversible It is 

“rfi? 181 S e res P° ns f s ^ nonlinear with methanol concentration. This 
reflects saturation of the surface with the adsorbate. The response of the carboxylic acid- 
tenrmated monolayer with the 0.4 mL methanol injection corresponds to a mass increase of 
2?®“ ( ie - an absolute mass of -40 pg), which is close to that expected for a 1:1 binding 
^ methanol and the end group. Efforts along these lines are 

continuing, with pre l i min ary tests of a min e- terminated monolayers for C0 2 detection. 

Jesting of a Location-Specific Deposition Procedure. In a 

companion effort, we have begun to devise approaches for the "location specific" deposition 

^Ll k t^nH e r m0 f° • ye , re at 8° ^ (X^CH 2 ) n S ( Au( 1 )), X= -CH„ -OH, CF 3 , - NH^). The 
j modify selectively a specific site on a microfabricated sensor array In the case of 
ttus effectively translate to the deposition of a thiolate monolayer of a specific 
composition on one membrane without perturbing that on a neighboring membrane Such 
a requirement demands a high level of control over the spatial resolution of the deposition 

1 rt? dlStan J es !^ ween ^boring TFRs may only be a few Microns, 
mnn ^ takm g advantage of our recent discovery that thiolate 

monolayers can be deposited by a one-electron oxidative deposition process m alkaline (pH 
>11) solution: RS + Au(0) -> RS (Au(I)), a finding that drives from our earlier studied of 
To mV0 Ve u m the formation of these monolayer from the corresponding thiol. 

WC P ?Rf red a u Set of ! “terdigitated gold bands. These bands were 
patterned by standard nucrolithography techmques. Each band is 3 urn in width with a 3 

A^ P ^tr°^f ^ t ^ eei \ bands u Frelhninary tests were conducted using scanning 

t0 . detect and ® a P the location of a CF 3 -tenninated monolayer. The 

was xlec i ed “ tbi ■ first study because of the high sensitivity of 
Auger spectrometry for fluorine. Results show that Auger spectroscopy has both the 

th . e pres !, nce of CF r « well as -NH, and ferrocenyl- 
monolayers. We next plan to detemune if deposition can be confined only to 
those bands held at an applied potential that leads to film formation. 3 


4 





Bottom Au Electrode 


Figure 1 . Schematic diagrams of a TFR. The upper portion is a top view where th< 
Au electrode is shown m white and the underlying al uminum nitride 
membrane is shown by the hatch- markings. The lower portion is a side 
view which illustrates the layer structure of the composite material. 
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ABSTRACT 

This paper focuses on the design, construction, 
preliminary testing, and potential applications of three forms 
of miniaturized analytical instrumentation. The first is an 
optical fiber instrument for monitoring pH and other cations 
in aqueous solutions. The instrument couples chemically 
selective indicators that have been immobilized at porous 
polymeric films with a hardware package that provides the 
excitation light source, required optical components, and 
detection and data processing hardware. 

The second is a new form of a piezoelectric mass 
sensor. The sensor was fabricated by the deposition of a thin 
(5.5 pm) film of piezoelectric aluminum nitride (AIN). The 
completed deposition process yields a thin film resonator 
(TFR) that is shaped as a 400 pm square and supports a 
standing bulk acoustic wave in a longitudinal mode at 
frequencies of —1 GHz. Various deposition and vapor 
sorption studies indicate that the mass sensitivity of the TFRs 
rival those of the most sensitive mass sensors currently 
available, though offering such performance in a markedly 
smaller device. 

The third couples a novel form of liquid 
chromatography with microlithographic miniaturization 
techniques. The status of the miniaturization effort, the goal 
of which is to achieve chip-scale separations, is briefly 
discussed. 

INTRODUCTION 

Interest in the design, development, and application of 
chemical sensors has grown explosively in the past several 
years (1-3). The impetus for this growth derives from the 
increasing technological need to perform analytical 
measurements remote from a central laboratory and in a 
variety of complex settings. Environmental monitoring and 
process control serve as examples of such needs. There is a 
general consensus that such sensors be small-sized, durable, 
have responses specific to a given analyte or classes of 
analytes, and be fabricated at low cost. The latter attribute 


enhances deployment in large numbers or as devices with 
limited operational lifetimes. 

More specific attributes are largely application 

dependent. In a monitoring application, for example, the 
response of a sensor may need to be reversible. An 
irreversible response, however, may facilitate usage for 
dosimetry purposes. Some applications may require large 
scale deployment, with sensors located at a large number of 
sampling sites. Detecting and following contaminant plume 
migration in an aquifer serves as an example. In such a 
mode, periodic interrogation of the collected data via a 
telemetric data link would be preferable. In contrast, the 
operational machinery and piping in an industrial plant may 
interfere with a telemetric system, dictating the usage of 
direct hardwire data links. 

The development of durable miniaturized analytical 
instrumentation for chemical sensing is also critical for 
meeting the many challenges of life-support in the space 
program. Issues such as small payloads and operation over a 
wide range of temperature and pressure are requisite for space 
exploration and colonization. Specific applications, such as 
space water management, demand the integration of 
chemically specific sensors with feedback control systems for 
continuous process monitoring and adjustment of purification 
systems. Not only must the sensor hardware exhibit both 
chemical specificity and sensitivity, it must be integrated "on- 
line” with the processing system to provide the requisite 
feedback for system adjustment. Thus, meeting the 
challenges for the development of sensors with specific 
performance characteristics will require an increasingly 
interdisciplinary research strategy, drawing from such fields 
as synthetic organic chemistry, interfacial chemistry, 
materials science, and computer and electrical engineering. 

This paper presents a progress report of the ongoing 
sensor development efforts at the Analytical Instrumentation 
Center at Iowa State University. The status of three related 
projects are presented, each of which are at various 
developmental stages. The first two sections also addresses 
issues related to the interfacial chemistry of the sensors, and 
how to manipulate coatings to achieve the targeted selectivity. 


(1) - Porter 



The first project involves the construction and 
performance characterization of a small-sized fiber optic 
spectrometer for solution-phase analysis (4). As presently 
configured, the instrument functions in an absorbance mode 
as a solid-state, dual-beam spectrometer and is equipped with 
a custom-designed controller, data processor, and telemetric 
communications hardware. 

The second project focuses on the development of a new 
form of piezoelectric mass sensor (5). Such sensors exhibit a 
response at low loading levels that is proportional to the mass 
of a sorbed analyte. The sensor is based on thin film 
resonator (TFR) technology, consisting of a thin (5.5 pm) 
oriented aluminum nitride membrane located between two 
metal electrodes. The sensor, created by coating the TFR 
surface with a self-assembled monolayer to demonstrate a 
primitive form of analyte selectivity, exhibits mass 
sensitivities that rival those of the most sensitive mass sensors 
currently available, while offering such performance in an 
extremely small-sized package (400 pm squares). 

The third project involves a departure from the general 
strategies of the first two, focusing on the design, 
development, and testing of a miniaturized novel (6) form of 
ion chromatography. The goal of this project is the 
integration of the components of conventional liquid 
chromatography to chip-scale sizes. Such a development 
would provide a separation step prior to detection via various 
sensor transduction schemes. The status of this project is 
updated. 

DUAL-WAVELENGTH FIBER OPTIC SENSOR 
INSTRUMENTATION 

One of the many challenges of space exploration is the 
development of compact, durable and reliable instrumentation 
for incorporation into a life support system. The focus of this 
project is on the development of fiber optic sensor 
instrumentation for monitoring the physiological status of 
astronauts during extended missions. Conventional analytical 
instrumentation, however, only partially fulfills these needs. 
For example, common procedures for direct analysis of 
important electrolytes and minerals (e g. sodium, potassium, 
and calcium) employ flames, plasmas or electrical arcs for 
sample atomization and excitation, facilitating assay of the 
target analyte by emission or absorbance (7). These 
instruments are large and require expendable support 
materials, i.e. fuel and oxidant gases for flames and plasmas. 
Since the exploration of space and colonization of ex- 
traterrestrial bodies places extreme limitations on payload 
size, the expansiveness of conventional analytical 
instrumentation dictates development of novel, miniaturized 
instrumentation. 

Figure 1 depicts the major components of the fiber optic 
sensor, illustrating its attributes. The attributes derive from 
the combination of three diverse research areas: fiber optic 
technology', organic thin-film surface chemistry, and 
electronic hardware design. The union of these three 
research areas facilitates the conception, design, and 


application of integrated, sensitive chemical sensors and 
hardware processing and telemetry systems. 
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Figure 1 . Miniaturized Optical Sensor Instrument. 


THIN FILM SENSOR DEVELOPMENT - The 
development of reversible multicomponent optical electrolyte 
sensors that can be used for whole blood measurements 
remains a significant challenge. Current optical pH sensor 
technology is hampered by the inaccuracies resulting from 
variations in blood ionic strength (8). Also, since most of the 
sensor materials are constructed from an impermeable thin 
film of an organic polymer, response times can be as long as 
10 minutes, which limit overall utility'. 

In earlier work, we first addressed these issues though the 
development of a highly selective pH sensor (pH range 0-4.5) 
with a response time of less than 2 sec (9). The sensor was 
constructed by immobilizing Congo Red at a base-hydrolyzed 
cellulose acetate film. The rapid response results from the 
porous structure of the hydrolyzed polymeric support, which 
reduces barriers to mass transport between the analyte and 
immobilized indicator. A generalization of the preparative 
route is shown in Figure 2 and can be readily coupled to other 
immobilization schemes. 


Cellulose Acetate Thin Film 

Base 

Hydrolysis 

Porous Cellulosic 

(prepared by spin-coating) 

0.1 M ^ 

KOH 

Thin Film 


Optic*! Senior 


* 


Indicator Attachment 


Figure 1 . Indicator Immobilization at Porous Cellulosic 
Films. 
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Different indicators have been tested for application at 
physiological pH. Brilliant Yellow, which has an optical 
transition in solution between pH 6 and 8, was one of the first 
indicators investigated. However, upon immobilization, the 
optica] transition occurs at higher pH values (i.e. -2 pH 
units), an effect frequently observed as a consequence of 
immobilization (10). Of the many indicators surveyed, 
fluoresceinamine demonstrated the desired optical transition 
for detection of physiological pH with immobilization. 

Initial indicator attachment techniques with Congo Red 
utilized non-covalent adsorption of the dye with the cellulosic 
film (9). However, to increase the long-term stability of the 
sensor, covalent bonding of the indicator with the film is 
preferable. Several established linkage techniques were tested 
such as coupling through cyanuric chloride (11) and cross- 
linking with glutaraldehyde (12). However, once 
immobilized, most of the indicators investigated lost their 
chromophoric transition properties. 

The use of polymer beads for coupling and 
immobilization of indicators is under investigation. Riedel- 
deHaCn produces a polymer carrier for the covalent 
immobilization of enzymes. Polymer Carrier VA-Epoxy 
BIOSYNTH®. Chemically, it is a copolymer based on vinyl 
acetate and divinylethylene-urea whose surface is modified 
with oxirane groups after hydrolysis of the acetate groups. 
These epoxide linkages can be utilized to couple various 
compounds as depicted in Figure 3. 

Acid-catalyzed linkage with hydroxyl groups. 


sonicated to disperse the beads within the viscous solution. 
The cellulosic suspension was cast by spin coating onto a 
glass slide and dried at 70°C for -12 h. The dried films were 
then hydrolyzed with 0. 1 M KOH for 24 h. 

The beads lend strength to the cellulosic films and are 
easily handled. Without the beads, the films are mechanically 
weak. The films exhibit both visible and fluorescent 
spectroscopic transitions with changes in pH from 3 to 9. 
The indicator behaves as a polyprotic acid with absorption 
maxima at 440 nm, 460 nm, and 500 nm, which will 
facilitate the development of an internally calibrated sensor 
by calculating the ratio of the absorption maxima for each 
form of the indicator. Such an approach also compensates 
for calibration difficulties that may arise from preparative 
variations in the amount of immobilized indicator and the 
desorption loss of the indicator from the film during use. 

INSTRUMENT DEVELOPMENT - Photometer 
Resign - A schematic diagram of the photometer is shown in 
Figure 4. White light from a miniature lamp is carried to the 
sensor probe by a single-stranded optical fiber. Another fiber 
carries a portion of the light from the lamp to a reference 
detector. Two single-stranded fibers collect and transmit 
light from the sensor probe to the sample detectors. This 
design represents a variation from the original prototype 
which used light emitting diodes as light sources and several 
other optical components (4). The revised prototype enhances 
light throughput and utilizes electrical components with 
greater sensitivity and stability, thereby improving overall 
instrument sensitivity. 
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Figure 4. Photometer Schematic, a) White Light Source; b) 
Single Fiber to Reference Detector; c) Reference Detector; d) 
Single Fiber to Sensor Probe; e) Sensor Probe; f & g) Fibers 
to Signal Detectors; h & i) Signal Detectors with Interference 
Filters. 


Figure 3. Acid and Base Reactions of Epoxide Linkages. 

Fluoresceinamine was coupled to the epoxy beads by 
weighing 1 : 1 indicator to bead weight followed by immersion 
in 1 M NajHPO,,. The suspension was stirred for 48 h and 
excess dye was removed by washing the beads with 0.1 M 
NajHPO^ The dried product was suspended in a 14% w/w 
cellulose acetate/cyclohexanone solution. The suspension was 


The light source is a miniature, gas-filled tungsten lamp 
from Carley Lamps (#T 11/2, 63 1L). The greybody radiator 
emits over the visible spectral range. An end lens on the 
lamp minimizes energy loss from refraction. Additionally, 
the lamp is positioned within an elliptical reflector (Carley 
Lamps, #1580) to focus and collimate energy that would be 
lost through spherical radiation. As described in our earlier 
work, the collimated beam is focused by a graded refractive 
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index lens (GRIN) onto the tip of the optical fiber that 
illuminates the sensor probe (4). 

The detector housings (see Figure 5) contain silicon 
photodiodes (EG&G VACTEC, VTB 94 14) with active areas 
of 1.6 mm 2 . The sample detectors measure the light intensity 
after passing through the sensor probe. The reference 
detector measures the intensity of the light directly from the 
lamp. Light from the optical fibers are coupled to 
interference filters. The selected spectral band is focused 
upon the detectors with GRIN lenses. The photodiodes are 
enhanced in the UV to IR spectral range with low dark 
currents and very high shunt resistances to provide a very low 
offset in high gain transimpedance connected operational 
amplifier circuits. 



h g t 


Figure 5, Detector Housing Assembly, a) Single Fiber; b) 
PVC Assembly Body Housing; c) Nylon Screws; d) Delrin 
Filter Adapter; e) Delrin Detector Housing; f) Photodiode; g) 
GRIN Lens; h) Interference Filter. 

The photodiodes are connected in a photovoltaic mode to 
transimpedance operational amplifiers (AD549, Analog 
Devices). The amplifiers have a common-mode impedance of 
10 15 ohms with an extremely low bias current of 250 fA 
maximum. The operational amplifier performs well as a 
sensitive photodiode preamplifier because of its low input 
current and offset voltage characteristics. Gain is achieved 
with use of feedback resistance. 

The optical fibers have a 400 pm silica core diameter, 
which is coated by a 80 pm thick fluorine doped silica 
cladding (UV400/480N, Ceramoptec). The ends of the fibers 
are polished to a mirror like finish prior to connection with 
successive grades (32, 15, 3, and 0.3 pm) of abrasive sheets. 
The all silica construction of the fibers enhances spectral 
transmission from the UV to IR spectral range over standard 
communication optical fibers. 

Sensor Probe Design - A diagram of the sensor probe is 
shown in Figure 6. The probe body is constructed from two 
Delrin discs (1.6 cm diameter and 0.64 cm thick). The top 
plate serves as a mount for both the input and the collection 
fibers. The bottom plate houses a GRIN lens. The distal 
surface of the GRIN lens is coated with a reflective silver film 
(800 nm thick), which is protected from solution by a coating 
of epoxy cement. A Nylon plate (0. 1 cm thick) is used to 
mount the thin-film sensor firmly on top of the GRIN lens; a 
0.15 cm diameter hole is drilled through the plate to expose a 
portion of the sensing film to solution and to the incident 


light beam. Nylon guide pins facilitate optical alignment 
of the fibers with the GRIN lens and control the separation 
distance between the Delrin plates. The spacing between the 
fibers and the thin sensing film (-0.5 cm) provides a clear 
path for solution to flow over the sensing element. Fully 
assembled, the probe is 1.7 cm in length and 1.6 cm in 
diameter. 



Figure 6. Fiber Optic Sensor Probe, a) Sensing Film; b) 
GRIN lens; c) Silver Film Mirror; d) Epoxy Cement; e) Input 
Fiber; f) Collection Fibers; g) Probe Body; h) Retainment 
Plate; i) Locking Screws; j) Guide Pins. 

The GRIN lens steers light from the input fiber of the 
sensor probe to the collection fibers To maximize light 
coupling, the fibers are spaced at an equal distance radially 
around the lens. The mirrored back surface of the lens serves 
to reflect the incident radiation. It is important to note that 
the sampling beam makes two passes through the sensing 
film prior to transmission back to the photometer. 

ADVANTAGES AND ADDITIONAL APPLICA- 
TIONS - Advantages - The conceptual basis of these sensors 
offers several major technological advantages in addition to 
those described. First, the use of fiber optic sensors facilitates 
miniaturization of instrumentation. These devices could 
conceivably be modified and reduced in size for implantation 
thereby facilitating continuous monitoring of physiological 
parameters. Miller demonstrated short term biocompatibility 
of fiber optic sensors for implantation in dogs during a 4 hour 
catheterized femoral artery study by coating the fibers with a 
layer containing covalently bonded heparin to prevent 
thrombosis (13). 

Secondly, electrical isolation of these proposed dev ices 
provide an added safety feature by prevention of electrical 
shock. A major concern of invasive devices (e g catheters) is 
inducement of microshock. When the epidermal layer is 
violated, small currents (on the order of microamps) 
conducting across heart muscle can lead to fibrillation (14). 
Fibrillation, unless intervened by defibrillation procedures, 
can lead to a 'heart attack' and death (14). 

Additional Applications - The sensor device described 
within this paper could be modified for detection of other 
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analytes. In the sustainable biosphere of a space station or 
lunar colony, air and water will need to be continuously 
repurified and recirculated, demanding reliable methods for 
monitoring removal of toxic wastes and contaminants (15). 

As configured, the instrument contains no mechanical 
components and operates in a fixed-wavelength mode, while 
maintaining the precision and accuracy of earlier reported 
fluorescence-based laboratory measurements (16). Based 
upon construction with low-cost components, small size, 
mechanical durability, and minimal need for calibration, the 
instrument would be aptly suited for field deployment in 
environmental applications. The device could serve as a 
prototype for development of sensors to detea environmental 
analytes. Conceivably, modifications would entail: 
identification and immobilization of proper indicator 
compounds, replacement of optical filters for different 
spectral response ranges, and encasement of the hardware 
package for operation in hostile locations. 

Efforts to construct "remote sensing modules” (RSMs) 
that will use the photometer as the central component are 
nearing completion. The RSMs, will contain on-board 
microprocessors for instrument control and FM-radio 
transceivers for data transmission to a centralized computer 
system. The microprocessors will control photometer 
operation and the transceivers will provide wireless data 
communications. 


offering such performance in an extremely small-sized 
package. 


Topside 
Au Electrode 




Figure 7. Schematic diagrams of a thin film resonator. The 
upper portion is a top view where the Au electrode is shown 
in white and the underlying AIN membrane is shown by the 
hatch-markings. The lower portion is a side view which 
illustrates the layered structure of the composite material. 
See references 5, 17-20 for preparation details. 


THIN FILM RESONATORS : A NEW FORM OF 
PIEZOELECTRIC MASS SENSORS 

Piezoelectric mass sensors are solid state devices that 
respond to changes in temperature, pressure, and most 
importantly, the physical properties of its interface. Such 
changes include interfacia] mass density, elasticity, viscosity, 
and sorbed layer thickness. The sensors operate by 
monitoring the propagation of an acoustic wave through the 
solid state device. A most common mass sensor is an acoustic 
bulk wave resonator which is constructed by depositing metal 
electrodes onto a thin piezoelectric material. 

This section briefly summarizes the results of feasibility 
studies which have established currently achievable macc 
sensitivities and demonstrated the potential of TFRs as the 
transducer component in a gas phase chemical sensor. The 
sensor is based on thin film resonator technology (5, 17-20), 
consisting of an oriented aluminum nitride membrane 
situated between two metal electrodes. The sensor has a high 
mass sensitivity, (S m , -550 cm 2 /g), is small in size, is easily 
fabricated, and can potentially be mass-produced at low cost. 
Using microlithographic techniques, gold-coated TFRs were 
produced as 400 pm squares with a 5.5 pm membrane 
thickness (Figure 7). Such small sizes open the possibility of 
integrating as many as 200 TFRs and associated support 
electronics onto a single 76 mm diameter silicon wafer. The 
membrane thickness lead to resonance frequencies of -1 
GHz. As will be demonstrated, these high resonance 
frequencies translate to mass sensitivities that rival those of 
the most sensitive mass sensors currently available, while 


Sauetbrey first demonstrated that acoustic bulk wave 
resonators could be used as mass sensors (21). As shown by 
the classic Sauerbrey equation (Eqn. 1), the relative change in 
series resonance frequency is linearly related to the mass of a 
material sorbed on a resonator surface (21, 22), F° s is the 
initial series resonance frequency, AF S is the change in series 
resonance frequency after the deposition of the material, AM 
represents the change in mass per unit surface area arising 
from analyte sorption, p s is the density of the resonator 
material, and C s is the stiffness constant of the membrane. A 
negative sign on the right hand side of Equation 1 therefore 
indicates that F s decreases with increases in sorbed mass. It 
is important to note that Equation 1 is accurate only for mass 
depositions less than 2 % of the mass of the resonator (22-24) 
and neglects any effects of differences in the elasticity and/or 
viscosity of the sorbed material with respect to the resonator 
material (25-28). 


AF, _ -2f;am 
F ; = [ AC ,]" 2 


(1) 


The mass sensitivity, S m , of a bulk acoustic wave 
resonator is defined, following Wenzel and White (29), as 



( 2 ) 


where n is an integer designating the resonance mode and V 
is the velocity of the acoustic wave. Since S m is inversely 
proportional to resonator thickness, the AIN TFRs are 
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predicted to have an extremely high mass sensitivity (see 
Table I). 


Table I. Performance Characteristics of Various Piezoelectric 
Mass Sensors. 


Device 

Operating 

Frequency 

(MHz) 

Calculated 

S m (cm 2 /g) 

Experimental 

S m (cm 2 /g) 

QCM* 

6 

-14 

-14 d 

SAW* 

112 

-151 

-91* 


200 

-252 

-263 f 


400 

-505 

-493 f 

FT* 

2.6 

-951 

-9908 

TFR 

965 

-567 

-509 h - i 


982 

-574 

-555) 


a) Quartz Crystal Microbalance, b) Surface Acoustic Wave, 
c) Flexural Plate, d) Reference 23. e) Reference 39. f) 
Reference 40. g) Reference 29. h) See reference 5 for a 
description of measurement protocols, i) PMMA loading 
experiments (film thickness of 21.7 + 0.7 nm). j) Monolayer 
loading experiments (based on the difference in F s for films 
formed by the spontaneous adsorption of CTtyCHj^SH and 
CH 3 (CH 2 ) 17 SH). 

MASS SENSITIVITY (S J TESTS - The sensitivity of 
the TFRs to mass loading was determined by two different 
experiments, the results of which are summarized in Table I. 
The first experiment monitored the effect of the deposition of 
a 21.7 + 0.7 nm film of PMMA on the resonator properties. 
Measurements were taken on several TFRs with typical 
absolute and relative frequency changes after coating of 35 
kHz and 39 ppm, respectively. Based on the coating 
thickness and the density of bulk PMMA (1.2 g/cm 3 ) (30), 
AM was calculated. 

In the second experiment, ihe TFR response was first 
measured after adsorption of a monolayer formed from 
butanethiol (CH 3 (CH 2 ) 3 SH). The TFRs were next cleaned 
and coated with a monolayer from octadecanethiol 
(CH 3 (CH 2 )i 7 SH). The TFR responses were again measured. 
Since both monolayers form structures with comparable 
surface coverages (9.1 ± 0.5 x lO -10 moles/cm 2 (31, 32)), the 
difference in mass loading between the two monolayers was 
calculated from their chain length differences. Such tests 
using uncoated TFRs were hindered because of contaminant 
adsorption at the "bare" gold surface. 

From the results of the two different mass loading 
experiments, experimental values of S m were calculated. 
Equation 2 was used to compute a S m based on F s and 
literature values of p s and V (33). Table I summarizes the 
results and provides comparison data for other forms of 
piezoelectric mass sensors. As is evident, the average 


experimentally determined values of S m (-509 and -555 
cm 2 /g) are comparable to those predicted by theory (-567 and 
-574 cm 2 /g), consistent with the performance expected for a 
well-behaved mass sensor. More importantly, these results 
show that the TFRs exhibit a much greater intrinsic 
sensitivity to mass loading than the QCMs. Only the flexural 
plate and the high frequency (i.e., 400 MHz) SAW devices, 
which are both markedly larger in size and have much more 
complex electrode patterns, have comparable sensitivities. 

DEMONSTRATION OF PERFORMANCE OF TFRs 
AS A GAS PHASE SENSOR - As is the case for many types 
of chemical sensors, the performance of piezoelectric mass 
sensors is as much or more a function of the surface coating 
as it is of the mass response characteristics. The properties of 
the coating determine the rate of the response, reversibility, 
and selectivity. The coatings also play a major role in 
defining the relationship between analyte concentration and 
analytical response. Therefore, the choice of the coating is 
one of the most critical aspects of sensor design. To 
demonstrate the feasibility of using TFRs as sensors, two 
relatively simple sets of experiments were designed The first 
used monolayers formed from a fluorinated thiol 
(CF 3 (CF 2 ) 7 (CH 2 ) 2 SH) and a carboxylic acid-terminated thiol 
(H0 2 C(CH 2 ) 15 SH). The second, described elsewhere (5), 
employed coatings of PMMA. Both sets of experiments used 
methanol as a gas phase analyte for testing performance. 

The goal of the monolayer-coating experiments was to 
exploit the differences in the interfacial properties of the two 
terminal groups, thereby gaining a degree of selectivity in the 
adsorption of methanol vapor. Fluorinated monolayers have 
critical surface tensions of 5-10 mN/m (34), values indicative 
of a very low free surface energy. These monolayers are not 
wetted by methanol, and therefore should display limited 
affinity for the sorption of methanol vapor. Conversely, the 
carboxylic acid-terminated monolayer presents a much more 
reactive functional group at the air-monolayer interface (35). 
These films are wetted by methanol, a result of both the 
polarity and hydrogen-bonding capability of the end group. 
Based on wettabilities, the TFRs coated with the carboxylic 
acid-terminated monolayer should interact strongly with 
methanol, whereas those coated with the fluorinated 
monolayer should exhibit a lower affinity. 

To test the methanol-exposure responses, TFRs were 
sequentially cleaned, tested with the fluorinated monolayer, 
cleaned, and tested with the carboxylic acid monolayer. In 
each run, the TFRs were equilibrated in a dry, flowing Ar 
atmosphere and then exposed to three different concentrations 
of methanol separated by flushes with Ar. Responses are 
shown in Figure 8A for the fluorinated monolayer and Figure 
8B for the carboxylic acid-terminated monolayer. Rapid 
changes in ^FJF° S are observed for both monolayers upon the 
introduction and removal of methanol from the test chamber. 
The responses return to their initial values upon removal of 
methanol, indicating that the sorption of methanol is 
reversible at both monolayers. The magnitude of the response 
of the carboxylic acid-terminated monolayer is, however, 
much larger than that of the fluorinated monolayer. The 
response differences are consistent with the behavior 
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predicted by wettability data, pointing to the potential use of 
monolayers designed for molecular recognition purposes (36, 
37) as selective or class specific coatings for sensor 
applications. More importantly, these findings confirm the 
feasibility of using TFRs as mass sensors. 




Figure 8. Baseline-corrected responses of TFRs with 
hydrophobic and hydrophilic surfaces to methanol. A) TFR 
coated with fluorinated thiolate. B) TFR coated with 
carboxylic acid-terminated thiolate. Responses are expressed 
as relative changes (i.e. &F/F°J using units of parts per 
million (ppm). Note that the response times reflect a mixture 
of processes, including the evaporation of methanol and the 
removal of methanol from the test chamber. Measurement 
instabilities, such as those that may arise from small 
temperature changes, have been accounted for using a six- 
point baseline linearization. 

It is also interesting to note that the TFR response for 
both monolayers is nonlinear with methanol concentration. 
This behavior indicates that the surface coverage of sorbed 
species approaches saturation at the larger methanol 
concentrations. Interestingly, one can predict the saturation 
coverage of methanol for the carboxylic acid-terminated 
monolayer by assuming that each acidic functionality can 
bind with one methanol molecule. Since the surface coverage 
of these monolayers is 9.1 + 0.5 x 10' 10 moles/cm 2 (31, 32), 
die saturated coverage of methanol would translate to mass 
increase of 29 ng/c m 2 . I n Figure 8B, the maximum response 
of the acid-coated TFR was -12.7 ppm. This frequency 
change corresponds to a mass increase of 23 ng/cm 2 , using 
the average experimental S m value of -555 cm 2 /g from Table 
I. Thus, it appears that the acid-terminated layer approaches 


a 1:1 binding stochiometry with methanol. This finding 
suggests that, in addition to sensor application, the TFRs may 
potentially find uses in fundamental studies of wetting, 
condensation, and a host of other important interfacia] 
processes. 

CHIP-SCALE ION CHROMATOGRAPHY 

The long term goal of this project is the development of a 
microminiature liquid chromatograph on a silicon wafer. 
Such instrumentation would provide an attractive approach 
for environmental assessment and monitoring programs as 
well as the space program. Though far from completion, we 
envision an instrument that represents an integration of the 
components (e.g., injector, pump, column with chemically 
specific stationary phase, and detector) of conventional liquid 
chromatographs, though at an extreme of miniaturization. 
The focus of this project is several-fold. The key areas 
include the development of techniques for trenching small 
diameter (10-50 pm) columns at standard sized (76 mm) 
silicon wafers, for flowing solution through the columns, and 
for chemically modifying the walls of the columns. Each of 
the objectives has been accomplished to varying degrees. 
Trenches of the specified size have been fabricated by a 
combination of photolithographic and chemical etching 
methods. Trenches with, for example, a nominal diameter of 
15 pm have been prepared, with the topography characterized 
by both scanning electron and atomic force microscopies. A 
cross-sectional view of an etched half-cylinder column is 
shown in Figure 9. As presented, a silicon wafer has been 
direct bonded to the trenched bottom-wafer to complete 
column fabrication. Attempts to seal two such trenches 
together to form a cylindrical column have met with 
difficulties with respect to alignment registiy. Infrared 
imaging may overcome this difficulty. 

To control the flow of solution through these columns, 
we have constructed a pneumatic pumping system. The 
pumping system provides a low flow rate (a few nL/min). 
The flow rate can be regulated by varying the pressure of an 
inert gas at the liquid in contact with the entrance channel of 
the column. A microelectrode, prepared by the evaporation of 
a small gold disk at the exit channel of the column, served as 
the detector for this characterization. Unexpectedly, these 
columns were easily plugged by small-sized particulate matter 
that is difficult to remove even after filtering the solutions by 
passage though a with a 10 pm membrane filter. We are 
currently devising methods to overcome this complication. 

Several routes for the chemical modification of the walls 
of the columns have been devised, with the goal to 
manipulate separations in a fashion analogous to that used in 
conventional chromatography as well as with our recently 
developed electrochemically-based approach (6). The most 
promising approach utilizes established silane chemistry (38). 

In this scheme, silicon with a native oxide is exposed to an 
anhydrous solution containing an end-group (X) 
functionalized trichlorosilane (X(CH 2 ) n SiCl 3 ). Through a 
reaction with the hydroxyl groups of the native oxide, a two- 
dimensional network of a cross-linked monolayer is formed. 
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Verification of the successful functionalization of the silicon 
surface with monolayers of various end-groups was obtained 
using infrared reflection spectroscopy and wettability 
measurements. These characterizations were performed on 
large-sized replicates of the surface of the trenched materials 
We hope to report "proof of concept" in the near future. 




Figure 9. Scanning electron micrograph of etched trenches 
in silicon. 
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A miniaturized piezoelectric mate tensor has been developed 
that displays a very high mass sensitivity, SU The sensor Is 
based upon thin film resonator (TFR) technology/ which Is 
used to produce a gold-coated thin film (5.5 pm) resonator 
(TFR) of piezoelectric aluminum nitride in the shape of 400- 
pm squares. At this thickness, the TFRs support a standing 
bulk acoustic wave In a longitudinal mode at frequencies of 
0Hz. Coatings of poly< methyl methacrylate) and spon- 
taneously adsorbed monolayers from alkanethiois (CH r 
(CH 2 )aSH, n * 3, 17) were used for the evaluation of 5^. 
Results Indicated that the (—-550 cm a /g) ofthe TFRs 
rivals those of the most sensitive mass sensors currently 
available, while offering such performance In a markedly 
smaller device. Coatings were also used to sorb a gaseous 
analyte (l.e. methanol) at the TFRs to test their potential as 
gas-phase sensors. Tests conducted using monolayers formed 
by the chemisorption of a fluorlnated thiol (CF 2 (CF 2 > 7 (CH 2 ) 2 - 
SH) and an acid-terminated thiol (H0 2 C(CH 2 )„SH) at the 
gold electrodes demonstrated both the performance of the 
TFRs and a primitive manipulation of the sorption selectivity 
of the Interfaclal structure. Possible applications of the TFRs 
as mass sensors are examined based upon their high mass 
sensitivity and compatibility for device Integration using 
semiconductor processing technology. 


INTRODUCTION 

The explosive growth in chemical sensor research is being 
driven largely by the increasing technological need to perform 
analytical measurements remote from a central laboratory . 2 * 7 
Environmental monitoring, process control, and bedside 
patient monitoring serve as examples of such needs. Though 
specific attributes are application dependent, there is a general 
consensus that such sensors be compact, yield quantitative 
information, and have responses specific to a given analyte 
or classes of analytes. It is also desirable that the sensors be 
fabricated at low cost to enhance their deployment in large 
numbers or as consumables (i.e., with limited operational 
lifetimes). 
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One class of sensors with the potential to meet the above 
requirements is the piezoelectric mass sensor. 47 * 12 Such 
sensors exhibit a response at low loading levels that is 
proportional to the mass of a sorbed analyte. Sensors based 
on mass changes have been applied to the detection of a variety 
of analytes in both gas 940 and solution 442 phases. Detection 
at trace levels has been obtained in several cases, 9 10 13 with 
specificity generally achieved via the affinity of an analyte 
to a coating deposited on the surface of the sensor. Hence, 
the development of coatings that can selectively discriminate 
between possible analytes is critical to meet the demands of 
many of the noted applications. It is also important to note 
that piezoelectric mass sensors have proven useful in fun- 
damental studies of surface chemistry, with the high mass 
sensitivity exploited to monitor kinetics and thermodynamics 
of adsorption, electrode reactions, and other interfacial 
processes. 74243 * 18 

We introduce a new form of piezoelectric mass sensor in 
this paper. The sensor is based on thin film resonator (TFR) 
technology. 149 * 22 The sensor has a high mass sensitivity, (S mt 
~550 cm 2 /g), is small in size, is easily fabricated, and can 
potentially be mass-produced at low cost. The Bensor is a 
thin film bulk acoustic wave resonator, which consists of an 
oriented AIN membrane situated between two metal elec- 
trodes. Using microlithographic techniques, gold-coated 
TFRs were produced as 400-*tm squares. Such small 6izes 
open the possibility of integrating as many as 200 TFRs and 
associated support electronics onto a single 76-mm-diameter 
silicon wafer. The membrane thicknesses (5.5 tim) lead to 
resonance frequencies of ~ 1 GHz. As will be demonstrated, 
these high-resonance frequencies translate to mass sensitiv- 
ities that rival those of the most sensitive piezoelectric mass 
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. - This P®P er “ the first of a series that will address issues 

related to device design and system integration, electronic 
measurement techniques, selective coatings, and performance 
characteristics of this new form of mass sensor. We report 
here the results of feasibility studies which have defined 
experimental measurement protocols, established currently 
achievable mass sensitivities, and demonstrated the potential 
ofTFRa as the transducer component in a gas-phase chemical 
sensor. The mass-sensitivity evaluations and transducer 
demonstrations were conducted using thin org ani c films of 
polyfmethyl methacrylate), PMMA, and spontaneously ad- 
sorbed monolayer films formed by the chemisorption of thiol 
compounds with different tail groups (i.e., CH 3 (CH,hSH 
CHjfCHilnSH, H0 2 C(CH 2 ) ls SH, and CF 3 (CF 2 ) 7 (CH 2 ) 2 SH).' 
Methanol was used as the test sorbant 

THEORY 

Piezoelectric mass sensors are passive solid-state electronic 
devices that respond to changes in temperature, pressure, 
and, most importantly, the physical properties of the interface 
between the surface and a contacting medium. Such chang es 
include interfacial mass density, elasticity, viscosity, and 
sorbed layer thickness. This type of sensor operates by 
monitoring the propagation of an acoustic wave through the 
solid-state device. The more common m»» sensor is an 
acoustic bulk wave resonator which is constructed by applying 
metal electrodes to the surfaces of a thin piezoelectric plate 
or membrane. Variations in, for example, the composition 
of the interface between the resonator and the surrounding 
medium, are reflected by changes in the resonance frequency 
of the acouatic wave. 

Sauerbrey first demonstrated that acoustic bulk wave 
resonators could be used as mass sensors. 23 As indicated by 
tte classic Sauerbrey equation, the change in series resonance 
frequency is linearly related to the mass of a material sorbed 
°. n 8 re s on ator surface. 23 - 24 Three equivalent forms of the 
classic Sauerbrey equation are 


“ d *" d “ 

The mass sensitivity, S„, of a piezoelectric mass sensor can 
be defined, as shown by Wenzel and White, 30 as 
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where p, is the density of the deposited layer, p. is the density 
of the resonator material (substrate), £>, is the thickness of 
the deposited layer, D, is the thickness of the resonator F ° 
is the initial senes resonance frequency, AF. is the change in 
ernes resonance frequency after the deposition of the material, 
C. is the stiffness constant of thesubstrate, and AM represents 
the change in mass per unit surface area arising from analyte 
sorption. A negative sign on the right-hand side of eqs la-c 
indicates that the series resonance frequency, F„ decreases 
with increases in mass load. It is also important to note that 
*5* * a-c are accurate only for mass depositions less than 2 % 
of the actual mass of the resonator. 24 Equations la-c also 
neglect the effects of differences in the elasticity and/or 
vMcoaity of the sorbed mat erial with respect to the resonator 

( 23> Sauerbrey, C. Z. Phystk 1959, 155, 206. ~~ 

(24) Benet, E. J. Appl. Phyt. 1984. 56, 608-626. 
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By applying eq 2 to the Sauerbrey model, the following 
theoretical expression for S. was derived for a bulk acoustic 
wave resonator: 30 


where n is an integer designating the resonance mode. An 
equivalent form of this expression relates S B to n, F,°, p„ and 
the velocity (V) of the acoustic wave, and is written as 

s _ 2nF,° 

■ p t V (3b) 

“ vereely P r °P°rtional to resonator thickness, the 
AIM TFRs are predicted to have an extremely high mass 
sensitivity (see Table I). 

In most sensor applications, an approximation of F, is 
obtained by measuring the frequency of an oscillator circuit 
that m corporates the resonator in a two-port device config- 
uration as the frequency-determining element in the feedback 
loop of an amplifier. In such circuits, the oscillation frequency, 
F„ corresponds to the frequency where the phase shift across 
the entire feedback loop is 2rN, where N * 0, 1, 2. 33 The 
electrical behavior of a resonator is best illustrated by 
examining an admittance diagram as shown in Figure 1A. 
The admittance, circle is a plot of susceptance, B, vs 
conductance, G (i.e., the real and imaginary components of 
admittance), of the resonator as a function of frequency 
following the resonator equivalent circuit of Figure IB, A 
zero phase shift across the resonator occurs when the 
magnitude of susceptance is zero. The high conductance 
crossing of the x axis by the circle is defined as the resonance 
frequency, F t . In general, phase shifts in the feedback loop 
are sufficiently small such that oscillation occurs near zero 
resonator phase shift and F „ approximates F r . However, the 
total phase shift in the oscillator feedback loop is a function 
of the intrinsic properties of the resonator, the amplifier 
physical or chemical perturbations of the resonator, and 
parasitic capacitive or other reactive circuit elements. The 
latter would result from mechanical mounting and circuit 
connections. Thus, the oscillation frequency often observed 
with piezoelectric mass sensors is susceptible to variations of 
electronic and mechanical components that are not related 
to changes in F. of the sensor. It is also possible that certain 
operating conditions (e.g., high interfacial viscosity) can lead 

h u - C £ : ° J - A PP‘ Ph »- 1972, 43, 4394-1390. 

2026 6 Cr “*' ^ A •’ FlIcher ’ G - J - Ph y*- D - ^ppl- Phya. 1979, 12, 2019- 
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Table I. Performance Characteristic* of Various 
Piezoelectric Maaa Senaor* 

operating S„ (cm * /g) 

device frequency (MHz) calcd cipti ref 


quartz crystal microbalance 
surface acoustic wave 

flexural plate 


6 

-14 

-14 

25 

112 

-151 

-91 

31 

200 

-252 

-263 

32 

400 

-505 

-493 

32 

2.6 

-951 

-990 

30 

6.5 


-379 

11 


thin film resonators 
(resonator No.) 


PMMA loading* 


63C-H9 

957 


-563 

-463 

63C-H12 

955 


-562 

-445 

63C-J11 

945 


-656 

-514 

63C-J12 

951 


-569 

-574 

63C-M11 

989 


-682 

-630 

63D-H8 

946 


-556 

-469 

63D-J6 

989 


-682 

-613 

63D-J12 

949 


-568 

-435 

63D-L7 

1000 

av 

-588 -440 

-567 -509 

monolayer loading* 

63C-L9 

973 


-572 

-753 

63C-M11 

989 


-582 

-728 

63C-J7 

983 

av 

-578 

-574 

-464 

-555 


• PMMA loading experiments used preparative conditions yielding 
a film thickness of 21.7 ± 0.7 nm. * Monolayer loading experiments 
were conducted in a differential mode and are based on the changes 
in F t for films formed by the spontaneous adsorption of CH 3 <CH 2 );£>n 
and CH 3 (CH 2 )i7SH. 
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Figure 1. (A) Plot of stoctrlcal suscsptancs va conductance a* a 
function of frequency for a bulk wave resonator. The admittance 
circle has diameter of 1/A?,. So Is the displacement of the center of 
the cfrde from the x axis. (B) Butterworth- Van Dyke equivalent circuit 
for a bt* wave resonator. C 0 Is the parasitic capacitance, t,, «„ 
and C, are the Inherent motional arm equivalent circuit parameters for 
the resonator. 

to a loss of oscillation.** 4 In practice, however, F a is often an 
acceptable measure of response if unwanted sources of 
frequency variation and energy loss can be made small relative 
to the amplitude of the analytical response. 

(34) Kipling, A. L.; Thompson, M. Anal. Chem. 1990, 62. 1514-1519 



Figure 2. Schematic diagrams of a thin film resonator. The upper 
portion is a top view where the Au electrode Is shown In white and 
the underlying AM membrane is shown by the hatch-markings. The 
lower portion Is a side view which Illustrates the layered structure of 


For sensor development purposes, a more ideal approach 
is to measure directly the series resonance (sometimes referred 
to as motional arm resonance) frequency of the device, i.e., 
F,. By definition, F, is the frequency of maximum conduc- 
tance for a resonator. 35 - 36 This frequency is solely dependent 
on the intrinsic properties of the resonator and is not affected 
by the addition of other aeries or parallel circuit elements. 36 
The determination of F, can be done by measuring the 
electrical admittance characteristics of the resonator over a 
range of frequencies centered about F By plotting electrical 
susceptance versus conductance over the observed frequency 
range, all or part of the characteristic admittance circle of the 
resonator can be determined. The point of ma xim um 
conductance on this circle corresponds to F„ as shown in 
Figure 1A. The value of F, can be accurately computed with 
high precision by fitting the experimental data to a circle 
function using a least squares computation. 36 

It is important, however, that F, not be confused with F, 
which, as defined earlier, equals the frequency of zero phase 
shift at high conductance. The value of F, can also be found 
from an admittance plot but can be influenced by circuit 
elements not intrinsic to the resonator. For example, 
variations in the parasitic capacitance, C 0 (see Figure lB), 
will cause a vertical shift in the position of the admittance 
circle and induce a change in F T not related to the mass 
response of the sensor. In addition, changes in acoustical 
losses (i.e., damping) of the resonator will cause a change in 
the diameter of the admittance circle, leading to a change in 
F,. In contrast, changes in C„ or acoustical losses do not 
influence F,. 

Accurate measurements of F, and F r require specialized 
electronic test equipment such as vector voltmeters or network 
analyzers with precise frequency synthesizers. As a conse- 
quence, the measurement of F. or F t is not practical for routine 
sensor applications. However, F, or F r should be meausred 
during the design and testing phase of sensor development. 34 
Such measurements provide a more detailed characterization 
of the resonator properties, and in some instances, may lead 
to insights into possible sources of systematic measurement 
errors. 


EXPERIMENTAL SECTION 


TFR Fabrication. Figure 2 shows a cross-sectional and top 
view of an AIN TFR. The AIN membrane is produced by 
depositing A1 in a low-pressure N 2 atmosphere onto a Si^substrate 
using a dc magnetron sputtering system. 1 The “topside electrode 
is prepared by the sequential deposition of thin Ti ( ~ 20 nm) and 


(35) Standard Methods for Measurement of the Equivalent Electrical 

Parameters of Quartz Crystal Units , JkHz to GHz,ElA'SJ2\ Electronic 
Industries Association: Washington, DC, 1985. ... 

(36) Hafner, E. In Precision Frequency Control , Vol. 2, Oscillators 
and Standards ; Gerber, E. A., Ballato, A., Eds.; Academic Press: New 
York, 1985; Chapter 7. 
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Au (~200 nm) films onto the AIN membrane with Ti 
CToK?h M,Ve >l ayer u betWeen Au and the n «tive’oxide T of & M 
a, "* ^ P fltt€rn electrodes 

thJ]TM baCka i de ’ * ,ec ? rode8 made by etching Si from beneath 

vrs 

ttissansd- 

It is also important to note that the c axis of the AIN m«nh» n » 
“ oriented normal to the Si surface, providine « TFR ?^ 
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procedure resuited in film thicknesses of 2 l 7 ± 07 nJ« 
determined via optical ellipsometry. * 0-7 nm as 
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To evaluate the feasibility of usinc TFRa » *»«« u 

SSr^r*-*^5as£K 

Chamrea in P L r w Responses were measured as 
ctumges in F, or F, before and after coating or exposure to 

methanol; these two parameters were found to be equivalent 
trnder our test conditions. Responses are expr^Xktil 

C s’*"' U8 ‘ ng of parta P« r ™*Uion (ppm). 

i en#,t,v ity ( S m ). The sensitivity of the TFRs tn 
mass loading was determined by two different experiment? 
The first monitored the effect of the deposition of a 21 7 ± 
0.7 nm film of PMMA on the resonatorproirSes Mea 

material per unit area (AM) was calculated. ^ d 

fi Jf ** aeco 1 nd e*Periment, the resonator properties were 

RT5TSS 7 *%*** ^ a butanetoiolato min" 

y * he TFRs were then cleaned coated with a 
layer of octadecanethiolate, and tested. The relative diffe^ 
ence in the two values of F was talcpn a« tk* differ- 
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TIME (MIN) 1 

_ B« —8n»-corr«ct>d frequency response to a PMMA-coated 
TFR to methanol exposure (2.68% v/v). 

monolayers. Since both the butanethiolate and octadecaneth- 
toJate monolayers form low surface tension interfacia] struc- 
tures with comparable surface coverages [(9.1 ± 0 5) x 10-10 
“^V 1 ' 441 ’ difference in mass loading between the 
two thiolate monolayers was calculated from their molecular 
weight differences. Such tests using uncoated TFRs are 
impractical because of conta m i n a n t adsorption onto the “bare” 
gold surface. 

From the results of the two different mass loading 
experiments, values of S m were calculated using eq 2. 
Equation 3b was used to compute a S D value based on the 
value of F, and the literature values of p, and V 48 Table I 
summarizes the results and provides related data for other 
forms of piezoelectric mass sensors for comparison. As is 
evident, the average experimentally determined values of S a 
(-509 and -555 cm 2 /g) are comparable to those predicted by 

J}** 01 * ( “5fJ ^l>~ 574 Cm2/ g) ' More importantly, these results 
show that the TFRs exhibit a much greater intrinsic sensitivity 
to mms loading than the QCMs. Only the flexural plate and 
the high-frequency SAW devices, which are both markedly 
larger in size and have much more complex electrode patterns 
nave comparable sensitivities. 

Demonstration of Performance of TFRs as a Gas- 
Phase Sensor. As is the case for many types of chemical 
sensors, the performance of piezoelectric mass sensors is as 
much or more a function of the surface coating as it is of the 
mass response characteristics. The properties of the coating 

SSr*™ th * ^ ° f r f P° nse > reversibility, and selec- 

tmty. Tne coatings also play a major role in defining the 
relationship between analyte concentration and analytical 
response. Therefore, the choice of the coating is one of the 

iKwr?”"! “P ecU 8 en *or design. To demonstrate the 
feasibility of using TFRs as sensors, two relatively simple 
sets of experiments were designed. The first employed 
coatings of PMMA. The second used monolayers of the 
fluormated thiolate and the carboxylic acid-terminated thi- 
o . Both gets of experiments used methanol as a gas-phage 
Analyte for testing performance. 

_ J* ^e first set of experiments, TFRs coated with a 21.7 ± 

0.7 nm film of PMMA were exposed to methanol vapor. The 
vapor chamber was flushed thoroughly with Ar between 
•uccewive additions to remove methanol from the previous 
•ample. Figure 3 indicates the time-dependent response 
typically observed for the TFR coated with PMMA. Upon 
flushing the chamber with Ar, the response of the TFR 
returned to its original amplitude before exposure to methanol 
This behavior indicates that the PMMA coating acts as a 
reversible sorbant of methanol. It is important to note that 
the response times reflect a mixture of processes, including 

DMMA P ° r j t, u D ofmethano1 ’ the Permeation of methanol in 
PMMA, and the removal of methanol from the test chamber. 

Response amplitudes from a series of injections of different 
volumes of methano l were found to be linear over the range 

R V; ^ os * n b«uni.J.;Horwit 2 ,S.; Vale C Moore 

Ultrasonics Symposium, lEKE New Wk ’ 



TIME (MIN) 

responses of TFRs with hydrophobic 
ra ac#s 10 m * mano1 < A > TPR coated with fluodnated 
thiolate. (B) TFR coated with carboxylic acid-terminated thiolate. 

of methanol concentrations tested ( 1 % to7% (v/v)), indicating 
that the mass of vapor sorbed was proportional to methanol 
vapor phase concentration. The plot of AFjF, 0 (ppm) vs 
percent methanol gave a slope of -5.65 and a y-intercept of 
0.31; the correlation coefficient was 0.99. This set of responses 
is also consistent with that expected by the Sauer brey equation 
for a well-behaved m«m sensor. 

In the second set of experiments, a somewhat more 
sophisticated approach was taken for demonstrating feasi- 
bility. These experiments employed TFRs that were coated 
with a monolayer of the fluorinated thiolate (CF 3 (CF 2 ) T - 

HOOCfCH^Vi h %N arb ° X . yliC acid ‘ terminated thiolate 
• .u • i r • . ‘ The goal was exploit the differences 
m the interfacial properties of the two layers, thereby gaining 
a degree of selectivity in the adsorption of methanol vapor. 
The fluonnated monolayer is expected to have a critical 
surface tension of 5-10 mN/m,« values indicative of a very 
low free surface energy. These monolayers are not wetted by 
methanol As such, this monolayer should display limited 
affinity for the sorption of methanol vapor. Conversely, the 
carboxylic acid-terminated monolayer presents a much more 
reactive functional group at the air-monolayer interface 
These films are wetted by methanol, a result of both the 
polarity end hydrogen-bonding capability of the end group. 
On the basis of wettabilities, one would then predict TFRs 
coated with the carboxylic acid-terminated thiolate to interact 
strongly with an analyte such as methanol, whereas those 
coated with the fluorinated thiolate to exhibit a lower affinity 
lo test the above response predictions, TFRs were se- 
quentially cleaned, tested with the fluorinated thiolate 
coating, cleaned, and tested with the carboxylic acid thiolate 
conting. to these tests, the TFRs were allowed to equilibrate 
in a dry, flowing Ar atmosphere to establish a baseline response 

R ^ mJeCti ° n The TFRs were exposed to 
three different concentrations of methanol separated by 

flushes with Ar. Representative responses from such tests 
are shown in Figure 4A for the fluorinated thiolate and Figure 
4B for the carboxylic acid-terminated thiolate. These data 
we summarized in Table II. Measurement instabilities, such 
as those that may arise from small temperature changes, have 
been accounted for using a six-point baseline linearization. 
Rs^id chBngM in AF^F,«are observed for both monolayers 
upon the introduction and removal of methanol from the test 
chamber. The responses return to their baseline corrected 
values upon removal of methanol, indicating that the sorp- 
tion of methanol is essentially reversible at both monolayers. 

The magnitude of the responses of the two monolayers are, 

(49) Shafrin, E. G.; Zismsn. W. A. 7 Phys Chcm. I960. 64. S1&-528. 
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££* JSSTV R **P on> « (ppm)* and Mill Change* 
^ ° r TFR. Coated with Fluorinated * 

* Carboxylic Acid-Terminated 
M«?£iol Vapor Monolayer, upon Expo.ure to 


methanol 
conen ( % (v/v)) 

CF S (CF 2)7(CH2)2S/ Au 

HOjCfCH^jS/ 

A FJF* 

AAf 

&FJF,° AW 

0.0 

0.67 

2.01 

2.68 

0.0 

-1.4 

-2.9 

-3.3 

0.0 

2.5 

5.3 

6.0 

0.0 0.0 

-5-8 10.5 

-12.6 22.7 

-12.7 22.8 

d « 0.3 ppm the Experimental Section for 

details of the determination of the uncertainty) 


tern^MteH° of 4118 carboxylic acid- 

terminated thiolate being much larger than that of the 

tentuhthth *£5**' response differences are consis- 

b y wettability data, pointing 
the potential use of thiolate monolayers designed for mo- 
^ihLr recogn.t'on purposes*-** as selective or dLs-specific 
owrtings for sensor applications. More importantly, these 
findings confirm the feasibility of using TFRs as mass sensors! 

th! DO u t * th#t *** relationship between 

^,Vfk R T" “ d methano1 concentration is nonlinear 
for both monolayers. This behavior indicates that the surface 

meSTl° f ' 8PeCieS approache8 saturation at the larger 
methanol concentrations. One can predict the saturation 

y ?k by U “ t •«*> «idie hmt 

tionaiity can bind with one methanol molecule. Since the 

ZftZrZ ° f thioUta8 at gold “ 9 - 1 * 0.5 X 10-10 mo]es/ 

transui **“ “ tUrated coverage of methanol would 
translate to a mass increase of 29 ng/cm 2 . In Figure 4B th« 

maximmn response of the acid-coated TFR was -12.7 ppm 
This frequency change corresponds to a mass increase of 23 

g m Table I. Thus, it appears that the acid-terminated 
£Sn ‘I' 1 u biDding s^ichiometry with 

the TFP g suggests that, in addition to sensor applications 
the TFRs may potentially find uses in fundament “udS 

^rfSpZir' 100 ’ “ d * ‘ ,oit * oth,r 

S ' : Yitehak * T ' ; Sh — • A-; Sagiv, J. 

J Moran, J. R.; Rodriguez-Parada J * W*rH M n 

J. Am. CHem . Soc. 1990, 112, 6153-6154. M. D. 


CONCLUSIONS AND PROSPECTUS 

deL“tedSt^tS in ^ PieZOe,eclric "senator has been 
\ m V BBnSOT - The resonator operates 
vi tL? H ; ^ h ^ ,tin ? hlgh maa8 sensitivities (—550cm 2 / 
& 2 ^ al apphcation of ^ese resonators as sensors 

onstr h at^ ^ ,0 V f ga8 ' phafle —dyt* has also been dem- 
onstrated through a primitive manipulation of the gorotion 

££% £ the structure of the LonZ°[^^ 
result* of these testa, combined with the small size and 

Dmv 0 ) °k l , 0 ^’ CO8t man nurturing, indicate that TFRs may 
prove valuable m a variety of chemical-sensor applications 
uuportant tonote that the relatively simple geometric 
electrode design of TFRs facilitates fabrication relative to 
SAW^dfl h “ e W i d f“ “J 11 “terdigitated electrode design of 

nr^u^nn ? Pk i! deVice8 ' ^her, since the TFRfare 
produced on a Si substrate, it is possible to integrate the 
wpport electronic, required for operation in a sin^elnt 
KS~ package. 1 * Support electronics could^nclude 
TTR?Md - » d * re , en !f TFR> 08c *^ a tor circuits for both 

2^ mTSS? P H roduce a di ? erence frw > uen ^ fro® 

and -r S * * ^ h de8,gn would minimize temperature 

referenwTTRnh 8 ^ 0 ^ 11 ? * ffeCt8 throu « h ^ use of a 
retcrence TFR physically close to the indicator TFR Us* nf 

•‘T * ■ lower ° f 

j®. t™n*mu«ion end collection e/^ell u' 

A™^J fcproewsing. Efforts to these ends are in progress 

Approaches addressing the fabrication of selective coating 
3^3^*““ Pr °““ “ d monitoring 
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